A set of highly preorganized pyrazolate-bridged dimanganese complexes L
Introduction
Mixed-valence compounds containing metal ions in different oxidation states continue to attract strong interest. The mixed-valent character and electronic interaction between metal centers through or across bridging ligands are of fundamental relevance to areas ranging from electron transfer reactions in bioinorganic systems to electronic properties of materials.
1,2 One direction of current research is defining the localized-to-delocalized transition in mixed-valence chemistry, an area in which symmetric bimetallic systems with identical metal coordination spheres are investigated in most cases. 3 On the other hand, the active sites of various binuclear (even homobinuclear) metallobiosites tend toward the other extreme and are highly unsymmetric with the metal centers residing in chemically different environments. 4 Here the two metals have different accessibility and quite distinct roles in the overall catalytic process. A prominent case is the respiratory protein hemerythrin that contains in its active site both a five-coordinate iron where the O 2 substrate binds and an adjacent six-coordinate iron that provides the second electron for dioxygen-to-hydroperoxide reduction. 5 Such intriguing metal ion cooperativity, sometimes referred to as * To whom correspondence should be addressed. E-mail: franc.meyer@ chemie.uni-goettingen.de (F.M.); ihk@uni-muenster.de. (I.H.-K.).
† Georg-August-Universität Göttingen. ‡ Universität Münster. # Universität Stuttgart. (1) (a) Robin, M. B.; Day, P. AdV. Inorg. Chem. Radiochem. 1967, 10, 247-422. (b) Hush, N. S.; Coord. Chem. ReV. 1985, 64, 135-157. (c) Marcus, R. A.; Pure Appl. Chem. 1997, 69, 13-29. (2) (a) Ward, M. D.; Chem. Soc. ReV. 1995, 121-134. (b) Vahrenkamp, H.; Geiss, A.; Richardson, G. N. J. Chem. Soc., Dalton Trans. 1997, 3643-3651 . one-site addition two-metal oxidation, has recently triggered the search for suitably designed unsymmetric bimetallic complexes that could lead to similar reactivity patterns in a synthetic system. 6 Asymmetry in bridged binuclear metalloenzymes has also provided lessons for the synthetic chemist in a much broader sense, and a variety of unsymmetric compartmental ligand scaffolds have been designed to study the mutual effects of the two metals. 4, 7 One strategy to achieve coordination site distinction is the attachment of two different chelating sidearms to an endogenenous bridging moiety such as phenolate, 7,8 pyrazolate, 9 or oxadiazole. 10 Few known systems, however, approach an extreme situation in which an organometallic fragment and a Werner-type fragment having the same metal ion are preorganized in close proximity.
11
In the case of pyrazolate-based homobimetallic complexes, the two metal ions spanned by the heterocycle are in the same oxidation state in most cases. 12, 13 It should be noted though that the pyrazolate bridge provides significant electronic coupling, and mutual metal oxidative deactivation upon oxidative addition to one of the two metals as well as fast electron transfer in mixed-valence species has been reported.
14, 15 We studied in detail the dimanganese complex 1 -, which was shown to undergo two sequential one-electron metal-centered oxidations with fast intramolecular thermal electron transfer (k ET ≈ 2.6 × 10 10 s -1 at 298 K) in the mixed-valent Mn I Mn II species, having a formal low-spin d 5 d 6 electronic configuration. 15 In a further elaboration, the multifunctional system HL Mn , with both a CpMn(CO) 2 subunit and a {N 4 } donor compartment tethered to the central pyrazole, has been developed. Redox-inactive zinc(II) ions with different coligands (X) can be accommodated in the Werner-type compartment (e.g., in L Mn ZnCl). 11, 16 Variations in the zinc site were shown to induce subtle changes in the redox properties of the organometallic site. 16 These highly unsymmetric heterobinuclear compounds, A, can be formally described as a combination of one type B subunit and one type C subunit, that is, as an assembly of both a Wernertype entity (C-type) and an organometallic entity (B-type) in a highly preorganized bimetallic array.
In this work we have now investigated a novel series of type A homobimetallic dimanganese complexes based on HL Mn that accommodate a second manganese ion in the Werner-type (C-type) site. It was anticipated that the pronounced asymmetry of the ligand environment in A would ensure site control of the one-electron redox processes. In particular, the mixed-valent species could be expected to exhibit strict site confinement and localized valency despite the short metal-metal distance and despite the efficient electronic coupling provided by the pyrazolate. The electronic structure of these unusual homobimetallic systems is probed by various spectroscopic methods and by extensive density functional theory (DFT) calculations.
Results and Discussion
Synthesis and Structural Characterization. Dimanganese complexes of type L
Mn
MnX with a manganese(II) ion in the classical tpma-like {N4} coordination site of HL Mn are best prepared in a one-pot synthesis starting from the precursor to HL Mn , compound 2 with a dangling CpMn(CO) 3 unit, in close analogy to the procedure reported for the heterobimetallic L Mn ZnX compounds (Scheme 1).
11,16 Irradiation of 2 leads to elimination of one CO and to intramolecular N-coordination of the pyrazolate heterocycle, and subsequent deprotonation and treatment with the respective manganese(II) salt affords the highly unsymmetric, homobimetallic complexes 3-6. The reaction sequence is easily followed by IR spectroscopy because the resulting complexes feature two intense bands at approximately 1905 and 1830 cm -1 , that is, at significantly lower wavenumbers than those of the CpMn(CO) 3 unit in 2 ( In all cases, the second manganese is nested within the {N 4 } donor compartment, and the pyrazolate spans the two metal ions. Mn1‚‚‚Mn2 distances are all in the range of 4.212-4.381 Å. Although the Mn2 ion is six-coordinate in 4-6, it remains five-coordinate with a distorted trigonalbipyramidal geometry (τ ) 0.73) 17 in the chloro complex 3. Steric hindrance between the Cl atom and the Mn-bound CO ligands presumably causes deviation from a linear N3-Mn2-Cl1 arrangement and prohibits the coordination of an A certain flexibility of the dimanganese framework is reflected by the different torsion angles Mn1-N1-N2-Mn2 adopted in 3-6, which range from 0.9 to 35.0°. This allows the systems to cope with the different steric pressure within the bimetallic pocket that arises from the steric crowding of the Mn1-bound CO and the various coligands bound to Mn2. In particular, two independent molecules per unit cell are found in the crystal structure of 6. Although constitutionally identical, these molecules show different mutual orientations of the DMF ligands, which are accompanied by a drastic difference in the Mn-N-N-Mn torsion angle (4.2 versus 35.0°). The presence of two distinct species in the crystalline state is also evident from the ν CO region of the IR spectrum (see below). Nevertheless, in all complexes 3-6, the π plane of the bridging pyrazolate roughly coincides with the mirror plane of the Mn I (CO) 2 fragments, which is a favorable situation for stabilizing electronic π-interactions.
18 Because these compounds represent rare examples of neutral d 5 d 6 mixed-valent complexes and feature a unique asymmetry of the binuclear framework, a detailed investigation by cyclic voltammetry and UV/vis and IR spectroelectrochemistry was performed.
Discussion of Spectroscopic and Electrochemical Results. All complexes 3-6 show two strong IR bands of similar relative intensities in the CtO stretching region, with ν s (CO) (symmetric) and ν as (CO) (asymmetric) of the {Mn-(CO) 2 } fragment at approximately 1907 and 1832 cm -1 , respectively (Table 1 ). The presence of two independent molecules in the crystal structure of 6 is reflected by the occurrence of two slightly different pairs of ν(CtO) stretches. IR spectra of solid 4 and 6 clearly show the presence of the bound DMF with ν(CdO) stretching at 1653 and 1659 cm -1 , respectively. The presence of various bands in the region below 1605 cm -1 for all complexes prevents us from unambiguously assigning one specific band as the ν(COO) absorption of the acetate ligand in 5.
Cyclic voltammograms of complexes 3-5 in DMF solution feature a reversible redox wave at approximately E 1/2 ) -0.63 V ( ) species. The cyclic voltammogram of 5 is depicted in Figure 5 as an example. The oxidation wave of the cationic complex 6 is somewhat shifted anodically (-0.51 V) with respect to the neutral congeners, and this indicates that the absence of anionic (electron donating) coligands at the Werner-type manganese(II) site renders oxidation of the organometallic site more difficult. Compared to the analogous L Mn ZnX complexes, changes at the coordination sphere of the manganese(II) ion in 3-6 exert a slightly more pronounced influence on the redox potential. Reduction of all complexes 3-6 is an irreversible process and occurs only at very low potential, approximately -2.6 V versus ferrocene. The huge separation of the two electro-(17) The angular structural parameter τ ) ( -R)/60 defines the degree of trigonality. R and represent the two largest angles around the central atom with > R. A perfect trigonal-bipyramidal structure is thus associated with τ ) 1, whereas τ ) 0 is expected for ideal squarepyramidal geometry. To further characterize the oxidized dimanganese species and to clearly establish where changes take place, the oxidation of 3 and 5 in DMF and 1,2-dichloroethane, respectively, was followed by IR and UV/vis spectroscopy in an optically transparent thin-layer electrolysis (OTTLE) cell (Figures 6 and 7) . Upon gradual electrolysis of 3, the pair of CO stretching vibrations at 1835 and 1909 cm -1 decreases at the expense of two new bands at 1952 and 2030 cm -1 , thus confirming the structural integrity of the CpMn-(CO) 2 fragment upon the generation of 3 + . The slightly lower intensity of the new bands is as expected because in Mn-CO moieties spectral intensities usually decrease with increasing oxidation state. 20 The shift to higher frequencies of ∼120 cm -1 is very similar to the shift observed in the corresponding L Mn ZnCl complex and reflects the diminished back-bonding ability in the oxidized CpMn II (CO) 2 subunit. This clearly reveals that the anodic process in 3 is centered at the organometallic site. Because carbonyl shifts are considered to track the electron densities on the metal ions, these experimental findings point to a pronounced charge localization in the mixed-valent compound 3. , respectively, occurs upon oxidation in the case of 5 (Figure 7) . No major changes are observed in the range of 1500-1700 cm -1 in which ν as (CdO) of the acetate ligand is to be expected, again confirming that oxidation takes place at the organometallic site. A gradual shift of ∼10 cm -1 to higher energy for the ν CO bands of the starting material 5 during oxidation is presumably caused by some kind of adsorption phenomenon or some precipitation. It should be noted in this respect that oxidation (and rereduction) of 5 is a very slow process, even at potentials far beyond E 1/2 .
In UV/vis spectroelectrochemistry, the oxidation of 3 and 5 is accompanied by an increase in absorptivity (Figure 8 and Supporting Information Figure S1 ) due to the appearance of new bands at 411 and 402 nm, respectively. Again, the rise of a similar band at ∼400 nm has also been observed upon oxidation of the L Mn ZnCl system, and this absorption can thus be safely assigned to the π(pyrazolate) f CpMn the Mn II Mn II species as well as to characterize the spin and charge distributions in both types of complexes, we have carried out DFT 21 calculations on the neutral complexes 3 and 5 in their sextet ( states. Taking into account that transition-metal compounds with open-shell electronic structuressespecially mixed-valent species such as those investigated heresstill pose a great challenge for the theoretical methods, for our investigations we have used both the hybrid B3LYP 22 and the pure BP86 23 functionals and the all-electron basis sets 6-311G and 6-311G*, 24,25 as described in Calculation Details (see Experimental Section). In Table 3 we compare the optimized structures 6 3 and 6 5 with the corresponding X-ray data. This comparison is helpful for the discussion of the cationic species 3 + and 5 + , for which X-ray data are not available. From Table 3 it is evident that the most important structural features of the neutral complexes 3 and 5 are well-reproduced by the calculations. For both functionals, the addition of polarization functions to the basis set does not influence the optimized bond angles, but it improves the accuracy of the optimized bond distances (Table 3 ). The CtO bond distances optimized with the B3LYP functional are closer to experimental values than those optimized with the BP86 functional. It is clear that this property may influence the characteristics of the calculated IR spectra (see below). Irrespective of the calculation level, the greatest discrepancy between theory and experiment involves the optimized torsion angles Mn1-N1-N2-Mn2 (φ). For 6 3, the optimized values φ (4.9-8.2°) are smaller than the experimental value of complex 3 (17.8°), whereas for 6 5, the angles, φ, range from 10.3 to 17.5°and are larger than the X-ray value of complex 5 (-0.9°) (Table   3 ). However, crystallographic findings for 6 (in which two independent molecules with distinctly different torsion were found in the unit cell, vide supra) revealed that the bimetallic array is rather flexible with respect to variations in φ. Taking into account that the theoretical data refer to the gas phase and are not subject to crystal packing forces, we realize that this discrepancy is understandable and do not consider it relevant.
Before going to the description of the cationic species, we briefly discuss the electronic structures of the neutral complexes in the sextet state. The shapes, energies, and occupation patterns of the valence R and Kohn-Sham molecular orbitals (MOs) derived from the unrestricted B3LYP/6-311G* wave function of 6 3 are presented in Figure  9 as an example. All these MOs have predominant Mn(3d) character and an almost perfectly localized nature. In 6 3 the Mn1 atom possesses an effective closed-shell structure, and all five unpaired electrons have predominant Mn2(3d) character. The low energy of those Mn2(3d) levels suggests that the removal of an electron from Mn2 should be much more energetically demanding than the removal of an electron from Mn1, that is, the oxidation should preferentially affect the organometallic Mn1 part of the investigated compounds ( Figure 9 ). However, the situation for the resulting Mn II Mn II species is not clear because the oxidation can lead to septet and quintet electronic states in which the two Mn II centers are coupled ferromagnetically or antiferromagnetically, respectively.
To provide a comprehensive description of these highly unsymmetric systems, calculated charge and spin distributions of the investigated compounds are listed in Tables 4  and 5 . Several conclusions can be drawn from those data. In the neutral and cationic species, both types of complexes, 3 and 5, display essentially the same spin and charge distributions. Irrespective of the functional, spin contamination is low for the calculated sextet and septet states. perfectly localized nature of the unpaired spin. As expected, the doublet state 2 3 is 59.5 kcal mol -1 (B3LYP) or 51.7 kcal mol -1 (BP86) higher in energy than the sextet state 6 3. Complex 2 3 is plagued by larger spin contamination than the sextet state, 6 3. Hence, the doublet state was not considered for 5. It should also be noted that spin contamination of 2 3 is larger at the BP86 level (〈S 2 〉 ) 0.847) than at the B3LYP level (〈S 2 〉 ) 0.780) ( Table 4) .
Removal of an electron from the 6 3 ground state to give 7 3 + requires 110.2 kcal mol -1 (B3LYP) or 119.4 kcal mol -1 (BP86) ( Table 4 ). In accord with electrochemical measurements (Table 2 , vide supra), almost the same energy is needed to produce 7 5 + [109.2 kcal mol -1 (B3LYP), 117.4 kcal mol -1 (BP86)] (Table 5) . From Tables 4 and 5 it is evident that the septet or quintet states of the cationic species arise by removal of an electron from the Mn1 center. The + , whereas at the BP86 level the situation is reversed, indicating a possible antiferromagnetic interaction between the metal centers. The J ab values, calculated according to the broken-symmetry formalism of Noodleman 26 and the spin projection procedure of Yamaguchi, 27 amount to -6.9 cm -1 (BP86), and +7.0 cm -1 (B3LYP). Because it was not possible to either isolate the oxidized species or determine the J ab value experimentally, the preferred coupling between the electrons of Mn1 and Mn2 could not be deduced from the conflicting B3LYP and BP86 values. As has been reported for DFT calculations on other oligonuclear complexes in low-spin broken-symmetry states, 28 5 3 + suffers from large spin contamination. The calculated 〈S 2 〉 values of 7.045 (B3LYP) and 6.938 (BP86) are far from 6. As an example, the calculated total spin densities of 6 3, 7 3 + , and 5 3 + are graphically depicted in Figure  10 .
At the B3LYP level, 7 3 + and 5 3 + have essentially the same carbonyl ligand bonding parameters and display identical IR spectra in the ν(CtO) stretching region, but small differences are discernible at the BP86 level (see below).
The removal of an electron from Mn1 does not significantly influence the charge and spin distribution on Mn2 (Tables 4 and 5 Table 6 . With respect to the neutral complexes, both functionals predict an elongation of Mn1-C CtO bonds and a shortening of CtO distances for the cationic species. Although the shortening of the CtO bond distances is comparable at both levels of calculation [0.019-0.024 Å (B3LYP); 0.018-0.021 Å (BP86)], the elongation of Mn1-C CtO bonds is almost two times larger at the B3LYP level (0.077-0.095 Å) than at the BP86 level (0.034-0.055 Å). As in the neutral complexes, bonds between the low-spin d 5 Mn1 ion and the pyrazolate-N1 (1.934-1.967 Å) are significantly shorter than those between the high-spin d 5 Mn2 ion and the pyrazolate-N2 (2.132-2.223 Å). Because the Mn1-N1 distance is shorter in 5 3 + , 7 3 + , and 7 5 + than in the neutral complexes, whereas the Mn2-N2 distance is longer, the difference between the Mn1-N1 and the Mn2-N2 bond distances is more pronounced in the cationic species. Although an electron is removed from Mn1, the oxidation also influences the bond parameters of the Mn2 ligation sphere in the investigated compounds.
The CO stretching vibrations calculated with the 6-311G basis set appear at lower values than the experiment ones (Table 7) . Compared to the experiment, the red shift of B3LYP/6-311G frequencies (11-39 cm -1 ) is more systematic than that at the BP86/6-311G level (89-147 cm -1 ). The inclusion of polarization functions in the basis set leads to blue shifted values for CO vibrations. The absolute values of BP86/6-311G* frequencies are closer to the experimental values than those of B3LYP/6-311G* frequencies. Because at this point we compare the theoretical harmonic frequencies with the experimental (anharmonic) fundamentals, the agreement between the BP86 results and those of the experiment may benefit from error cancellation. The same is valid for B3LYP/6-311G frequencies, which, apart from a blue shift averaging 28 cm -1 , agree very well with experiment. The B3LYP/6-311G* frequencies are systematically too high by ∼6-7% relative to the experimental values. It is commonly thought that such overestimation is mainly due to the anharmonicity, which can be approximately accounted for by scaling the harmonic frequencies. 29 In Figure 11 we compare the B3LYP/6-311G* frequencies scaled by 0.94 with the experimental IR data of the neutral complexes 3 and 5 and of their oxidized forms 3 + and 5 + . With respect to the relative intensities of the asymmetric (ν as ) and symmetric (ν s ) CO stretches, the separation [∆(ν s -ν as )] for the neutral (3, 5) and cationic (3 + , 5 + ) species, as well as the shift of CO vibrations due to oxidation [∆ν as/s (3 + -3) and ∆ν as/s (5 + -5)], the patterns of the experimental spectra are well-reproduced by the B3LYP/6-311G* calculations (Table 7, Figure 11 ). It should also be noticed that both functionals and basis sets reproduce the trends of relative band intensities observed in the experimental spectra rather well.
Compared to BP86, the experimental separation between the corresponding symmetric and asymmetric modes is more accurately reproduced at the B3LYP level. The scaling of B3LYP/6-311G* frequencies increases the accuracy of the blue shift of ν(CO) vibrations due to oxidation. Similar to other studies, 28a the BP86 functional systematically underestimates that blue shift of ν(CO) vibrations upon oxidation, and consequently the B3LYP IR spectroscopic properties of 3, 5, 3 + , and 5 + are in better agreement with the experiment than those found using the BP86 functional (Table 7) .
Conclusions
In this work we describe a detailed experimental and theoretical analysis of the molecular and electronic structure of hybrid organometallic/Werner-type dimanganese complexes, L Mn MnX, in their Mn I Mn II and Mn II Mn II states. Despite a short Mn‚‚‚Mn separation of ∼4.3 Å and a pyrazolate bridge that is known to be a good electronic coupler, an almost perfectly localized electronic structure is enforced by the highly unsymmetric ligand scaffold, which is supported by crystallographic and spectroscopic evidence as well as DFT calculations. The mixed-valent Mn I Mn II state in these complexes is extremely stabilized but with the spin fully localized on the Werner-type high-spin Mn II ion. Oxidation occurs exclusively at the organometallic Mn I site to give the low-spin/high-spin Mn II Mn II species, but this process does not significantly influence the spin and charge distribution on the Werner-type site. These systems thus represent exceptional examples of the effect the unsymmetry of a dinucleating ligand scaffold has on the spin and charge distribution in homobimetallic complexes. Furthermore, the strict site control of the redox process might offer interesting prospects for the study of cooperative effects of bimetallic arrays (e.g., in reactions that proceed via substrate binding at the Werner-type site with the adjacent organometallic 
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subunit solely acting as a redox reservoir). Work along these lines is presently in progress.
Experimental Section
General Procedures and Methods. All manipulations were carried out under an atmosphere of dry nitrogen by employing standard Schlenk techniques. Compound 2 was prepared as reported. 11 Solvents were dried according to established procedures; all other chemicals were obtained from commercial sources and used as received. Microanalyses were carried out at the Mikroanalytische Laboratorien des Anorganisch-Chemischen Instituts der Universität Göttingen using a Heraeus CHN-O-RAPID. Cyclic voltammetry: PAR equipment (potentiostat/galvanostat 263A), in ∼0.1 M NBu 4 PF 6 /CH 2 Cl 2 , using a glassy carbon working electrode and platinum reference and counter electrodes; ferrocene Cp 2 Fe was used as the internal standard (the potential being 0.45 V in DMF against an SCE electrode). 30 IR spectra: Digilab Excalibur, recorded as KBr pellets or in solution between NaCl plates. UV/ vis spectra: Cary 5000 UV/vis-NIR spectrophotometer. Spectroelectrochemistry: self-constructed OTTLE cell comprising Pt-mesh working and counter electrodes and a silver wire as a pseudoreference electrode sandwiched between the CaF 2 windows of a conventional liquid IR cell. The working electrode is positioned in the center of the spectrometer beam, and all other parts of the cell are made nontransparent to the incident beam by means of an absorbing tape. 31 Caution! Although no problems were encountered in this work, transition-metal perchlorate salts and complexes are potentially explosive and should be handled with proper precautions.
L Mn MnCl (3). A solution of 2 (0.25 g, 0.50 mmol) in tetrahydrofuran (THF; 200 mL) was irradiated with a high-pressure mercury lamp in a quartz tube at -40°C. Within ∼1 h the color of the solution changed from light yellow to yellow, and the solution was then allowed to warm to room temperature. KOtBu (0.056 g, 0.50 mmol) and MnCl 2 ‚4H 2 O (0.098 g, 0.50 mmol) were added, and the mixture was stirred overnight, producing a yellow precipitate. The precipitate was separated by filtration, washed with light petroleum, and dried under vacuum. Orange-red crystals were obtained after several days by slow diffusion of diethyl ether into a DMF solution (8 mL) of the crude product. The crystals were separated by filtration, washed with diethyl ether, and dried under vacuum. Yield: 37 mg (13%). IR (KBr) (cm H, 3.80; N, 12.58; found: C, 50.33; H, 3.93; N, 12.35. (30) L Mn MnBr(DMF) (4). This complex was prepared following the same procedure described for 3, but using , 4.19; N, 12.46; found: C, 47.11; H, 4.18; N, 11.39 . L Mn Mn(OAc) (5). A solution of 2 (0.25 g, 0.50 mmol) in THF (200 mL) was irradiated with a high-pressure mercury lamp in a quartz tube at -40°C. Within ∼1 h the color of the solution changed from light yellow to yellow, and the solution was then allowed to warm to room temperature. KOtBu (0.056 g, 0.50 mmol) and Mn(OAc) 2 ‚4H 2 O (0.123 g, 0.50 mmol) were added, and the reaction mixture was stirred overnight. The solvent was removed under vacuum, and the residue was extracted with dichloromethane (15 mL). Slow diffusion of diethyl ether into the filtrate gradually gave orange-red crystals of 5‚CH 2 Cl 2 . The crystals were separated by filtration, washed with diethyl ether, and dried under vacuum. [L Mn Mn(DMF) 2 ](ClO 4 ) (6‚ClO 4 ). A solution of 2 (0.25 g, 0.50 mmol) in THF (200 mL) was irradiated with a high-pressure mercury lamp in a quartz tube at -40°C. Within ∼1 h the color of the solution changed from light yellow to yellow, and the solution was then allowed to warm to room temperature. KOtBu (0.056 g, 0.50 mmol) and Mn(ClO 4 ) 2 ‚6H 2 O (0.181 g, 0.50 mmol) were added, and the reaction mixture was stirred overnight. The volume of the mixture was concentrated to ∼50 mL. The precipitate formed was filtered, washed with light petroleum, and dried under vacuum. Orange-red crystals of 6‚ClO 4 gradually formed upon slow diffusion of diethyl ether into a DMF solution (4 mL) of the crude product. The crystals were filtered, washed with diethyl ether, and dried under vacuum. Yield: 29 mg (7.6%). IR (KBr) (cm -1 ): 2930 w, 1903 vs, 1893 vs, 1833 vs, 1820 vs, 1659 vs, 1647 vs, 1602 Calculation Details. All calculations were carried out with DFT 21 by using the Gaussian 98 and Gaussian 03 package of programs. 32 It is well-known that DFT is able to provide valuable answers to a variety of chemical problems. Nevertheless, one should take into account that the choice of the particular functional used as well as the basis set used can affect the results significantly. 33, 34 In the case of open-shell systems, and especially for transition-metal compounds, pure density functionals favor low-spin states, whereas hybrid functionals usually predict the high-spin state as the lowest energy state. 34 Thus, our investigations on the neutral complexes 3 and 5 as well as on their monocations 3 + and 5 + were carried out with the hybrid B3LYP 22 and pure BP86 23 functionals and the allelectron basis sets with and without polarization functions. Both functionals are commonly used for the investigation of transitionmetal compounds, also comprising the cases of open-shell mixedvalent species. 15b,28 All computations employed the unrestricted Kohn-Sham formalism. The basis sets used are of valence triplequality: 6-311G or 6-311G* for the main group elements 24 and Wachter's (14s9p5d)/[9s5p3d] or (14s9p5d1f)/[9s5p1d1f] (R f ) 0.96) for the Mn atoms. 25 For the BP96 functional we used the resolution-of-the-identity (RI) approximation. 35 This approach expands the density in a set of atom-centered functions and takes advantage of the fitting of the Coulomb potential. The auxiliary basis sets needed for RI approximation were generated automatically according to the procedures implemented in Gaussian 03. The RI approximation largely increases the performance of pure DFT treatments without significantly decreasing accuracy. With both functionals and basis sets, we performed geometry optimizations for the neutral complexes 3 and 5 in their sextet electronic state ( 6 3, 6 5) as well as for the monocations in their septet ( 7 3 + , 7 5 + ) and quintet ( 5 3 + ) states. Single-point calculations were also carried out for the doublet state 2 3 with the optimized geometry of the sextet state, 6 3. The optimized structures correspond to fully converged geometries with gradients and displacements below the threshold implemented in the Gaussian programs. Geometry optimizations were followed by vibrational frequency analyses. Harmonic frequencies were computed analytically, and if not stated explicitly, they were used without scaling. All optimized structures have all real frequencies and represent minima on their potential energy surfaces. For graphical displays we used the MOLEK-9000, Molden, and GaussView programs. 36 X-ray Crystallography. X-ray data (Table 8) for 3, 4, and 6‚ ClO 4 were collected on a Stoe IPDS II diffractometer (monochromated Mo KR radiation, λ ) 0.71073 Å, ω scans) at -140°C, and data for 5‚CH 2 Cl 2 was collected on a Bruker SMART 6000 4K CCD diffractometer (monochromated Cu KR radiation, λ ) 1.54178 Å, and ω scans) at 0°C. The structures were solved by direct methods and refined on F 2 using all reflections with SHELX-97. 37 All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in calculated positions and assigned to an isotropic displacement parameter of 0.08 Å 2 (3, 4, and 6‚ClO 4 ); for 5‚CH 2 Cl 2 a riding model was used. The chlorine atoms of a CH 2 Cl 2 solvent molecule in 5‚CH 2 Cl 2 are disordered over approximately three positions and were therefore refined with fixed occupancy factors of 0.33 for each position. Three oxygen atoms of one ClO 4 -anion in 6 are disordered over approximately two positions, with occupancy factors of 0.773(3) and 0.227(3). All Cl-O and O‚‚‚O distances as well as the displacement parameters of opposite oxygen atoms were restrained to be equal. Face-indexed absorption corrections for 3 (max/min transmission 0.8684/0.6304), and 4 (max/min transmission 0.7688/0.4281) were performed numerically with the program X-RED. 38 The geometrical aspects of the structures were analyzed by using the PLATON program. 39
